Leaflet movements in Samanea saman are driven by the shrinking and swelling of cells in opposing (extensor and flexor) regions of the motor organ (pulvinus). Changes in cell volume, in turn, depend upon large changes in motor cell content of K+, Cl and other ions. We performed patch-clamp experiments on extensor and flexor protoplasts, to determine whether their plasma membranes contain channels capable of carrying the large K currents that flow during leaflet movement. Recordings in the "whole-cell" mode reveal depolarization-activated K+ currents in extensor and flexor cells that increase slowly (t½ = ca. 2 seconds) and remain active for minutes. Recordings from excised patches reveal a single channel conductance of ca. 20 picosiemens in both cell types. The magnitude of the K+ currents is adequate to account quantitatively for K+ loss, previously measured in vivo during cell shrinkage. The K+ channel blockers tetraethylammonium (5 millimolar) or quinine (1 millimolar) blocked channel opening and decreased light-and dark-promoted movements of excised leaflets. These results provide evidence for the role of potassium channels in leaflet movement.
ABSTRACI
Leaflet movements in Samanea saman are driven by the shrinking and swelling of cells in opposing (extensor and flexor) regions of the motor organ (pulvinus). Changes in cell volume, in turn, depend upon large changes in motor cell content of K+, Cl and other ions. We performed patch-clamp experiments on extensor and flexor protoplasts, to determine whether their plasma membranes contain channels capable of carrying the large K currents that flow during leaflet movement. Recordings in the "whole-cell" mode reveal depolarization-activated K+ currents in extensor and flexor cells that increase slowly (t½ = ca. 2 seconds) and remain active for minutes. Recordings from excised patches reveal a single channel conductance of ca. 20 picosiemens in both cell types. The magnitude of the K+ currents is adequate to account quantitatively for K+ loss, previously measured in vivo during cell shrinkage. The K+ channel blockers tetraethylammonium (5 millimolar) or quinine (1 millimolar) blocked channel opening and decreased light-and dark-promoted movements of excised leaflets. These results provide evidence for the role of potassium channels in leaflet movement.
Leaflet movements in nyctinastic (night closure) plants often involve significant changes in the volume and up to severalfold variation in the ionic content of motor cells in the pulvinus (reviewed in Ref. 21 ). These variations may occur in response to light, darkness, and an endogenous biological clock. Cells in the extensor region of the pulvinus take up K+ and Cl-as they swell during leaflet opening, and lose both ions as they shrink during leaflet closure, while cells in the opposing (flexor) region behave in the reverse manner (12, 22, 23, 25, 30, 32) .
We undertook this study to examine a possible role for K+ channels in leaflet movement-related K+ fluxes and changes in cell volume in the nyctinastic legume Samanea saman. K+ channels have already been described in giant algae (1, 5) and in protoplasts isolated from wheat mesophyll cells (13, 14) , Vicia faba guard cells (27, 29) , carrot callus cells (14) , and Asclepias 1 Supported by grant US-963-85 from the United States-Israel Binational Agricultural Research and Development Fund to N. M., R. L. S., and C. M., by grant 85-00259 from the United States-Israel Binational Science Fundation, Jerusalem to N. M., and by grant DMB83-04613 from the National Science Foundation to R. L. S. 2 Reprint requests may be sent to either N. M. or R. L. S.
tuberosa cultured cells (28) . Preliminary accounts of K+ channels in protoplasts isolated from Samanea pulvinar cells have appeared in abstract form (15, 16) . Protoplast Isolation. Terminal secondary pulvini from the fourth to ninth leaf (counting from the apex) were harvested 2 to 3 h after the beginning of the light period in the growth chamber, or 2 to 3 h after sunrise in the greenhouse. Protoplasts were prepared by enzymic digestion of slices of extensor or flexor tissue (pooled separately), as described in (7) but with the following modifications. (a) The osmotic pressure of the pre-digestion solution was raised in two steps to 680 mosmol to ensure plasmolysis. (b) Pectolyase Y-23 (Seishin Pharmaceutical, Tokyo, Japan) was added to the digestion solution (which contained cellulase, pectinase and Driselase) to a final concentration of 0.2% (w/v). (c) A second purification step was added, as follows: the cells collected from the Ficoll interface were layered again on a sucrose gradient (2), spun at 60 to IOOg for 5 min, and collected and kept on ice for up to 24 h for patch-clamp experiments.
MATERIALS AND METHODS
Forty to fifty protoplasts of each type, flexor and extensor, were used for our experiments.
Patch-Clamp Experiments: Methodology. A detailed description of the patch-clamp technique can be found in (8) , while a brief tutorial description of patch-clamp methodology as applied to plant cells can be found in (24) . Briefly, a drop ofthe protoplast suspension was added to 1.5 mL of the recording solution and the protoplasts were allowed to settle and stick to the bottom of the experimental chamber (Falcon Primaria [Becton Dickinson Labware, Oxnard, CA], or Nunc [Roskilde, Denmark] tissue culture dish). The patch pipette was then brought into contact with the protoplast. Upon the formation of a tight seal between the patch electrode and the cell membrane, the patch was either (a) broken to form a "whole-cell" configuration or (b) excised, by withdrawing the patch-pipette from the cell, to form an "outside-out" patch for single-channel recording. The recording setup and procedures were described previously (13 (31) . The specific capacitance was calculated as the ratio of the whole cell capacitance to the cell surface area, which, in turn, was calculated from the diameter of the spherical protoplast, measured with a microscope graticule.
The "resting" membrane potential was measured shortly after gaining access to the cytoplasm, by determining the value of the holding potential required to null the holding current.
The "resting" membrane conductance was measured from the current-voltage relation ofthe whole cell at membrane potentials at which the known channels were closed (between -60 and -100 mV). This conductance is equivalent to the "leakage" conductance. At potentials that activate channels, the leakage current can be measured from the current jump at the very beginning of a step from a nonactivating to an activating potential, before any channels have had the chance to open (leakage currents are designated by short horizontal lines at the left ofFig. 1A). The whole cell conductance activated by depolarization was calculated from the net current remaining after subtracting the leakage current from the total current measured at the end of a voltage pulse. For the calculation of gK, the conductance of all the open channels in the whole cell, the following ohmic relation was used (9)
where IK is the current through all the open K+ channels, and (V4-Vrev) is the driving force for the current, i.e. the difference between VM, the membrane potential, and Vr,e, the reversal potential for this current. The specific membrane conductance was calculated as the ratio of the whole cell conductance to the cell surface area.
An identical calculation to that described for whole cell conductance was used to determine the single channel conductance, except the amplitude of the unitary (single channel) current was used instead of the sum of the currents through all of the open channels. Thus, the number of open channels can be obtained from the ratio between the whole cell current and the unitary current at the same membrane potential, or from the ratio between the whole cell conductance and the unitary conductance.
Leaflet Movement. Leaflet (pinnule) pairs subtended by tertiary pulvini were used for experiments testing the effects of channel blockers on light-promoted leaflet opening and darkpromoted leaflet closure. Tertiary pulvini are anatomically and physiologically similar to the secondary pulvini that provided protoplasts for the patch clamp experiments (21) .
Leaflet pairs were excised in the closed condition toward the end of the 16 h photoperiod (since they are least sensitive to manipulation at this time) and were trimmed. A dim green safelight provided the only illumination for manipulations and measurements during otherwise dark periods. The angle between paired leaflets was measured with a protractor.
To determine the effect of channel blockers on leaflet movement, leaflet pairs were floated on experimental and control solutions immediately prior to the end of the photoperiod, darkened for 5 h, and then irradiated with white light (120 ,umol m-2 s-') for 150 min. The angle between paired leaflets was measured before and after the light treatment. Alternatively, leaflet pairs were floated on water, darkened for 8 h (as during the usual light/dark cycle), and then irradiated with white light for 3 h to promote opening. The water was then replaced by the control or experimental solution. After an additional 5 h of light (required for adequate uptake of the experimental solution), leaflets were darkened for 40 to 60 min and angles were measured before and after the dark treatment. Ten replicate leaflet pairs were used for each experiment. Each experiment was repeated three or more times, with similar results.
RESULTS
Properties of the "Resting" Protoplast. Protoplast diameters ranged from 24 to 44 ,m (mean value of 32 ± 4 Mm [SD] ). There was no significant difference in size between the two types of cells (extensors: 31.6 ± 4.0 sm, n = 33, and flexors: 31.7 ± 4.6 ,um, n = 49). The estimated specific membrane capacitance was 0.72 ± 0.02 uF cm 2 (SEM) for the extensors (n = 26) and 0.67 ± 0.02 MAF cm-2 for the flexors (n = 18); this difference is practically insignificant (level of significance of only 0.10). The "resting" specific membrane conductance, measured at membrane potentials between -100 mV to -60 mV (i.e. when channels were not activated), ranged between 10 and 50 MuS cm-2, and the resting potentials of protoplasts in the whole-cell configuration was between -80 and -20 mV, with external [K+] varying between 1 and 50 mM.
Whole-Cell K+ Currents in Flexor Cells. Figure lA depicts whole-cell membrane currents measured from a flexor protoplast upon membrane activation by step depolarizations. The membrane potential was held at -70 mV between the depolarizing pulses. The outward currents increased gradually with time during each 7 s voltage pulse, indicating a gradual increase in conductance in response to depolarization. Note the slow time course of activation (in the range of seconds). At moderate depolarizations, these currents did not inactivate for several minutes (data not shown). The steady-state membrane current also increased with the degree of depolarization (Fig. 1B) . Note that depolarizations above -40 mV elicited distinguishable membrane currents; these voltages are within the range of membrane potentials measured in Samanea flexor cells in vivo (19) . Also note the sudden decrease in current upon step return to the holding potential of -70 mV and the slow decay of the (still outward) tail-currents (Fig. 1A) . The direction ofthe tail-currents The values of membrane current at the end ofthe pulse, after subtraction of "leakage" current (the current at the start of the pulse, marked by horizontal dashes) are plotted versus membrane potential during the pulse. C, Superimposed records (top) of membrane currents elicited by three pairs of voltage pulses (superimposed, bottom), applied at 20 s intervals. The first pulse of each pair (an identical, depolarizing, conditioning pulse to +60 mV), was followed by a 6 s step to one of the three indicated membrane potentials (test pulses). Following each pair of pulses, the holding potential was restored. D, Instantaneous I-Vrelationship of tail-currents. The value of the tail-current immediately after the step to a test pulse (after subtraction of leakage current at that potential) was plotted versus membrane potential of the test pulse. Solutions (in mM): bath: 500 sorbitol, 10 Mes, 5 KC1, 1 CaCl2, pH 6.1; pipette: 250 sorbitol, 125 KCI, 10 Hepes, 4 NaCl, 3 EGTA, 2 Mg-ATP, 1.5 CaCl2, pH 7. 1. suggests that the reversal potential for the membrane current is below the holding potential. The slow decay indicates a gradual decrease in membrane conductance at the holding potential.
The actual value of the reversal potential was determined by the "tail-current" method (9). Following a conditioning pulse which elicited an outward membrane current, the membrane potential was stepped to a test pulse, which elicited a tail-current (Fig. IC) . Although the outward currents during the conditioning pulse superimposed, the tail-current was, at the first instant after the step, either outward (positive) or inward (negative), depending upon whether the membrane potential during the test pulse was above or below the reversal potential, respectively. As in Figure IA , the tail-currents decayed to absolute lower values.
The instantaneous current-voltage (I-V) relationship of the tail-currents (Fig. ID) yields a reversal potential of -75 mV, close to the Nernst potential of -77 mV for K+ in this experiment. The Nernst potentials of all other permeating ions in the solutions bathing the membrane were positive. Thus, the voltagesensitive, time-dependent membrane current appears to be carried largely by K+.
Single K' Channels in a Flexor Membrane Patch. To gain more information regarding the pathway for the membrane current, an outside-out patch was excised from the same flexor cell that had been used for the whole-cell recording shown in Figure 1 . This patch was also depolarized by a series of square voltage pulses, lasting 2 s each. Figure 2A depicts typical single channel activity. While a small depolarizing pulse (e.g. depolarization to -30 mV) resulted in a quiescent record, larger depolarizations evoked channel opening (seen as upward square "jumps" in the current record, during a constant membrane potential); the higher the depolarization, the more fluctuations among different current levels. Jumps to multiple current levels (marked by [*] in Fig. 2A , middle trace) indicate simultaneous openings of an increasing number of channels. The single-channel conductance was 22 ± 2 pS3 and the reversal potential for the single-channel current was -52 ± 2 mV (Fig. 2B ), if the current-voltage curve is linearly extrapolated. The only ion that To test whether the observed single channels are the pathway for K+ currents through the whole cell membrane, five records of single channel currents were averaged for each voltage pulse. The averaged currents through the channels in this patch (Fig.  2C) , as in the whole cell (Fig. IA) , increased with time during a sufficiently large depolarizing pulse, confirming the trend apparent in Figure 2A of gradual recruitment of single open channels during a pulse. The time course of this recruitment (Fig. 2C) resembled that of the gradual increase in current seen during the first 2 s of each pulse in the whole cell recording. The average number of channels open at the end of a pulse increased as membrane depolarization increased, i.e. the voltage dependence of channel opening was similar to the voltage dependence of the whole cell current, although the depolarization needed to activate channels in the excised patch (Fig. 2) was ca. 20 mV higher than that required for currents in the whole cell (Fig. 1) . A shift in the range of membrane potentials required to activate channels after the isolation of a patch has already been observed in some cells (4), but not in others (18) . Our results might be explained by a difference in external [K+] in experiments shown in Figures 1   and 2 , since the range of activation of channels in Samanea (whole cell configuration) varies with external [K+] (16) . The whole membrane conductance of this cell, activated by a depolarization to 20 mV (Fig. 1B) , reached about 8 nS. Since the conductance of a single channel is about 20 pS (Fig. 2B) , we estimate that about 400 channels were open simultaneously at 20 mV depolarization. In this particular cell, with a diameter of 31 ,um, the calculated average channel density was at least 1 channel for every 7 /Am2. The specific membrane conductance of this cell at 20 mV (Fig. 1B) reached about 280 ,S cm-2 (compared to a resting value of about 10 ,uScm-2).
Whole-Cell Currents in Extensor Cells. Membrane currents were also recorded from extensor protoplasts (Fig. 3A) . As with flexor protoplasts, channel opening was promoted by depolarization and channels activated slowly, in the range of seconds. Note the absence of tail currents, suggesting that the holding potential of -80 mV was the reversal potential for these currents.
Since the Nernst potential was -116 mV for K+ and above +100 mV for both C1-and Ca2+ (see legend), the reversal potential of -80 mV implies that the currents were carried primarily by K+ (this reversal potential corresponds to a membrane permeability ratio of about 100:3 for K+ relative to Cl-).
Increasing external [K+] by superfusing the cell from an adjacent pipette with an external solution containing 83 mm KCI (Fig. 3B) , resulted in appreciable inward tail-currents following the same sequence of pulses as in Figure 3A , indicating a shift of the reversal potential to a value much more depolarized than the holding potential. This supports the notion of K+ as the major membrane current carrier, since increase in external [K+] would make the Nernst potential for K+ less negative. Figure 3C illustrates the effect of TEA, a commonly used K+ channel blocker. Addition of 6 mm TEA to the bath abolished the whole-cell currents within a few seconds. Partial removal of TEA by a puff of the external solution containing 83 mM KC1 reduced temporarily (for the duration of the puff) the blocking effect of TEA (Fig. 3D) and partially restored the outward currents and the inward tails. TEA was similarly effective in reversibly blocking both whole-cell and single-channel currents in flexorprotoplasts (data not shown). In addition, quinine, another K+ channel blocker (6), abolished single channel and whole-cell currents in both types of cells (at 0.5-1 mM; data not shown).
The pathway for depolarization-activated K+ membrane currents in extensors, as in flexors, are K+ channels, based on the reversal potentials for single channel currents, the voltage dependence of their gating (opening promoted by depolarization) and their susceptibility to blockage by externally applied TEA or quinine (data not shown).
In the experiment shown in Figure 3 , the TEA-sensitive conductance of the whole cell was about 8 nS at 70 mV (Fig. 3B) .
The unitary conductance of extensor K+ channels (data not shown) and flexor K+ channels (Fig. 2B) are similar (about 20 pS) under comparable conditions. Given the TEA-sensitive whole-cell current flows through the 20 pS channels, the estimated number of channels in this cell was at least 400. In this particular cell, 40,um in diameter, the calculated average channel density was at least1 channel/12 ,um2.
Effect of Channel Blockers on Leaflet Movement. IfK+ chan- (Fig. 4) (6) . TEA has also been used recently to identify K+ channels in giant algal cells (1, 5, 11) , wheat cells (14) and Asclepias tuberosa cells (28 (20, 23) . The density of K+ channels observed in both types of Samanea motor cells appears to be more than sufficient to account for similar losses of K+. Assuming the average motor cell internal [K+] = 500 mM (22) , an average cell measuring 32 gm in diameter (see Results section) would contain 8 pmol K+. In only 6 min, the measured whole-cell current of 0.5 nA (Fig. lB , flexor data at 0 mV) can transport about 2 pmol of K+, corresponding to about 1/4 of the cell's K+ content, providing the current does not inactivate. As indicated above, these channels remain active for several minutes during moderate depolarizations. K+ channels that can transport sufficient K+ to account for the volume changes occurring in Vicia guard cells during stomatal movement have also been described recently (29) .
In the experiments reported here, the channels that can provide a pathway for the passive (electrochemical potential driven) efflux of K+ ions from motor cells are opened by depolarization. If the same mechanism occurs in vivo, flexor cells should depolarize as they shrink during light-promoted leaflet opening, while extensor cells should depolarize as they shrink during darkpromoted leaflet closure. In fact, the potential of flexor cells in a whole pulvinus depolarized from -50 to -20 mV and remained at -20 mV for several minutes during light-promoted leaflet opening (19) , thereby supporting our hypothesis. The effect of a light/dark transition on the membrane potential of extensor cells
has not yet been reported.
The data described in this paper permit us to suggest the final steps in a mechanism for cell shrinking, namely, membrane depolarization --K+ channel opening -* K+ efflux -. cell shrinkage. We have also observed channels that open upon hyperpolarization of the plasma membrane, and they could be relevant to cellular swelling. These are currently under investigation.
Changes in the volume of Samanea motor cells depend upon large fluxes of Cl-as well as K+ (25) , and we are currently using patch clamp methods to determine whether motor cell plasma membranes contain Cl-channels. Cl-accumulates in motor cells against its electrochemical gradient; data obtained with excised strips of motor tissue suggest that it is taken up via co-transport with H+ (26) . Since Cl-uptake is a secondarily active process, passive efflux through a channel would appear to be a logical mechanism.
Coupling between Changes in Illumination and Changes in Cell Volume. In intact plant motor cells, the movement of leaflets occurs in response to an endogenous clock and to changes in illumination which modulate it (21) . Thus, the model for cell shrinkage proposed above implies that the motor cells also contain mechanisms to transduce a light stimulus to membrane potential, as already demonstrated for flexor cells (19) . Extensor cells contain an outwardly directed H+ pump that is activated by white light and inactivated by darkness, while flexor cells contain an outwardly directed H+ pump with the reverse behavior, i.e. it is activated by darkness and inactivated by white light (10) . H+ secretion through these pumps has been postulated to play an important role in regulating the membrane potential in response to changes in illumination (19, 21) . These changes in membrane potential would change the electrochemical gradient for K+ to favor K+ uptake when the H+ pump is activated and K+ efflux when the H+ pump is inactivated. The membrane potential, and thus the electrochemical gradient for K+, would of course be affected also by the transport of other ions in addition to H+. We do not yet have data on the roles of these other ions, nor have we addressed steps that precede light-regulated changes in H+ pump activity. It is possible that a second messenger system involving IP3 is part ofthe transduction mechanism, since a brief (15-30 s) white light pulse increases the IP3 level in Samanea pulvini (17) . 
